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Abstract: The intestine, often referred to as the “second brain” of the human body, houses a vast microbial community that plays
a crucial role in maintaining the host’s balance and directly impacting overall health. Probiotics, a type of beneficial microorganism,
offer various health benefits when consumed. However, probiotics face challenges such as acidic conditions in the stomach, bile acids,
enzymes, and other adverse factors before they can colonize the intestinal tissues. At present, pills, dry powder, encapsulation,
chemically modified bacteria, and genetically engineered bacteria have emerged as the preferred method for the stable and targeted
delivery of probiotics. In particular, the use of nanoshells on the surface of single probiotics has shown promise in regulating their
growth and differentiation. These nanoshells can detach from the probiotics’ surface upon reaching the intestine, facilitating direct
contact between the probiotics and intestinal mucosa. In this perspective, we provide an overview of the current developments in the
formation of nanoshells mediated by single probiotics. We also discuss the advantages and disadvantages of different nanocoating
strategies and explore future trends in probiotic protection.
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Introduction

The intestine tract is a vital organ in the human body inhabited by a huge microbial community. This community plays an
indispensable role in maintaining the body’s homeostasis and regulating the immune system, directly impacting the
overall health of the host.'> Imbalances in the intestinal flora, disruptions in the metabolism of intestinal bacteria, and the
invasion of pathogens are closely associated with various diseases, including inflammatory bowel disease, obesity,
diabetes, and certain tumors.>> To improve overall health, consuming suitable probiotics can enhance immune
responses, restore balance to the intestinal flora, and inhibit the colonization of pathogenic bacteria.” The probiotic
properties of these beneficial microorganisms are closely linked to their viability and quantity.® Unfortunately, the
complex environment of the digestive tract, including enzyme invasions, gastric acid attacks, and continuous intestinal
peristalsis, can significantly impact the survival rate and intestinal colonization of probiotics, thereby compromising their
beneficial effects.”'”

To address the aforementioned problems, several strategies have been developed to improve the survival rate and
intestinal colonization ability of probiotics. These strategies include pills, dry powder, encapsulation, chemically
modified bacteria, and genetically engineered bacteria.'' !> However, each protection strategy has its own advantages
and disadvantages. For instance, pills and dry powder can enhance the bioavailability of probiotics to some extent but fail
to achieve effective colonization in the intestinal tract.'* Genetically engineered probiotics exhibit excellent tolerance and
resistance, making them suitable as drug carriers to inhibit pathogenic microorganisms or directly eliminate them.
However, their tedious preparation process hinders large-scale manufacturing.'>'® On the other hand, surface modifica-
tion, unlike genetic engineering, is an effective method that can introduce various functional motifs onto the surface of
probiotics to protect them from enzyme and gastric acid attacks in the gastrointestinal tract. However, it does not provide

control over the metabolism and activities of probiotics.'”'® Despite the promising nature of these protection methods for
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oral probiotic delivery, few have been proven effective in disease prevention or treatment. This is due to challenges such
as low permeability, low stability, short sustenance period, and the complex gastrointestinal environment, which result in
significant probiotic death, limited colonization, and proliferation in intestinal tissues.'”° Therefore, innovative strate-
gies are needed to develop oral probiotic bioagents that can overcome these limitations.

Recent studies have demonstrated that the formation of nanoshells on the surface of single probiotics can effectively
protect them from physical and biological threats, enabling them to maintain their biological function in harsh environ-
ments. Additionally, these nanoshells enhance the adhesion of probiotics to the intestinal mucosal epithelial tissue,
preventing their removal by the flowing liquid (Figure la-c).?' ** The nanoshells on the surface of a single probiotic
serve as a physical barrier, a chemically selective channel between the external and internal probiotics, and
a mechanically robust exoskeleton. In comparison to previous encapsulation methods that only provided temporary
protection until probiotics split, the generation of nanoshells mediated by a single probiotic offers long-term probiotic
protection and mucosal adhesion. The selective permeability of the nanoshells allows for the transfer of nutrients,
oxygen, and probiotic metabolites, thereby maintaining the function and viability of probiotics both in vitro and in vivo.
This paper aims to discuss and summarize some typical natural derivative materials that can wrap a single probiotic by
coating it with a nano-thickness layer. This approach enables probiotics to continuously withstand the harsh environ-
mental conditions during transportation, thereby improving their bioavailability and intestinal colonization. This com-
prehensive review serves as a valuable resource for selecting effective and efficient nanoshells materials for targeted

delivery of probiotics.
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Figure | Schematic of single probiotics nanoencapsulation and against harsh environment in human digestive system. (a) Representation of probiotics without nanocoating.
(b) Nanoencapsulation of probiotics. (c) Gut bacteria pathway via the gastrointestinal tract and the importance of probiotics encapsulation. Data from these studies.?2>*
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Layer-by-Layer Assembly Mediated Nanoshells
The coating of artificial polymer nanoshells onto the surface of probiotics through layer-by-layer (LBL) assembly has
proven to be a successful method for isolating probiotics from harsh environmental attacks, such as stomach acid and
rapid intestinal transit time. This coating technique enhances the viability and intestinal adhesion performance of
probiotics during oral delivery.®*” The mechanism behind LBL nanoshells construction relies on electrostatic interac-
tions between oppositely charged polyelectrolytes. The process begins with the deposition of polycation onto the
negatively charged surface of probiotics, forming the first layer. Subsequently, alternating deposition of polyanion and
polycation compounds takes place until the nanoshell achieves the desired robustness, thickness, and functionality.”® As
shown in Figure 2a, the LBL assembly of multilayered nanoshells on the probiotics’ surface requires centrifugation and
washing at each step to remove unbound polyelectrolytes. This process can be laborious and time-consuming.

However, the merit of this LBL nanocoating mediated nanoshell on the surface of individual probiotics lies in its
ability to effectively protect the probiotics during oral delivery. By encapsulating the probiotics with an optimal amount
of polymers, the nanoshell shields them from the harsh gastric acid and enzymatic attacks, while preserving their original
morphology and activity. Furthermore, it enhances the probiotics’ adhesion in the intestinal tract, thereby exerting precise
control over their proliferation and division.?” Therefore, I believe that the materials formed by LBL assembly mediated
nanoshell for probiotics have a wide range of applicability, including positively charged proteins, polycationic electro-
lytes, and polycationic polysaccharides, etc. Besides, the polycation layer used first is in direct contact with the surface of
probiotics, and the biocompatibility of the synthesized polycation should be the core issues of electrostatic LBL
assembly, because direct exposure of probiotics to polycation can lead to membrane perforation. Importantly, this
nanofilm formation approach heavily relied on the multi-step LBL deposition process, and the templates removed
process would deteriorate nanoshells integrity and needs harsh removal condition that may induce incompatible with
proteins, and probiotics.

Therefore, the biocompatibility of polycation is the core premise that hinders the development of LBL assembly. It
has been reported that the cytotoxicity of polycation mainly depends on charge density and molecular weight.*® These
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Figure 2 (a) Layer-by-layer self-assembly as the most widely utilized approach to the formation of polymeric nanocoating. After deposition of each layer, cells are collected
by centrifugation, washed with buffer, and then collected again by centrifugation. (b) Schematic layer-by-layer templating of chitosan and alginate on bacteria surface.
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problems can be solved by using natural cationic polyelectrolyte with low cytotoxicity and high cell compatibility, so
natural polyelectrolyte (hyaluronic acid, alginate, collagen, chitosan, etc.) have been widely used in cell
nanoencapsulation.’'* Based on this, Aaron C. Anselmo and co-workers utilized cationic polysaccharide chitosan
(CHI) and the anionic polysaccharide alginate alternated deposited into the Bacillus coagulans surface via electrostatic
interactions to form three bilayers (CHI/ALG); that can address the chemical, physical, and probiotics oral delivery
challenges while enhancing the survival of Bacillus coagulans against acidic and bile salt insults, and enhance the
mucoadhesion ability on intestinal tissues to improve the bloating with irritable bowel syndrome and colitis treatment
effects (Figure 2b).'" Chitosan-alginate multilayers nanoshells formed on Bacillus coagulans surface indicated that
polycationic compounds provided the material-material and cell-material interactions suitable to construction of LBL
assembly multilayer nanoshells on the probiotics surface without disturbing probiotics-membrane integrity.

Generally speaking, natural biopolymers are generally considered to be more suitable bio-friendly nanocoating
materials than synthetic polyelectrolytes, which may overcome the cytotoxicity of the first polycation layer on probiotics
films. This makes all kinds of naturally derived polycation compounds widely used in LBL assembly of the first layer of
multilayer nanoshells. In particular, harnessing cytocompatible and edible components derived from nature to form
nanoshells on the surface of single probiotics using a one-step method is a suitable approach for protecting and
maintaining the viability of living probiotics.

Polyphenolic Compounds Mediated Nanoshells

For the nanocapsulation of single probiotics, the formation of a nanofilm primarily relies on layer-by-layer (LBL)
deposition. However, this process is laborious and involves multiple steps, making it unsuitable for large-scale produc-
tion. Therefore, there is an urgent need for a convenient and effective method to protect probiotics from harmful and
deadly external environment. Inspired by the fact that prokaryotes can produce a series of extracellular matrix polymers,
researchers have developed different interfering reaction pathways to produce new synthetic polymers according to the
different cell targeting mechanisms and unique intracellular environmental condition (the redox enzyme cascade
reaction).”* In addition to the main purpose of cell protection, recent studies have focused on inducing various
oxidative polymerization reactions in the environment of probiotics to form nanoshells on the surface of a single
probiotic. Therefore, probiotics-mediated formation of synthetic polymers would be the sustainable nanoplatform to
investigate their hierarchical assembly to generate multifunctional bionic systems.

Polyphenolic compounds that contain pyrogallol or catechol groups in their structure, in which catechol groups can be
easily covalent cross-linking via probiotics-mediated catalytic process to form self-encapsulating protective nanoshells
on the probiotics surface.*>*® Among various polyphenolic compounds, dopamine, caffeine acid and pyrocatechol, are
the typical and widely applied probiotics coating materials (Figure 3a), which can be oxidized into quinones under the
alkaline condition (pH = 8.5), and a series of cross-coupling reaction and polymerization assembly occur, and then
forming a phenolic nanofilm on single-probiotics surface (Figure 3b).*”*® However, some probiotics cannot bear this
alkaline condition, resulting in most probiotics dying during the polymerization process.*’

As literatures report that Lactobacillus species have rich transition metals in their biological systems that not only can
maintain the stability of proteins structure, but also playing a catalytic role in the biological process, respond to oxidative
stress, and activating phenol compounds oxidation as well as inducing the cross-linking reaction to conduct self-assembly
of surface polymers.***! Inspired by this redox-active transition metals system, Franco-Centurion and his colleagues
used the essential nutrient manganese contained in Lactobacillus to regulate the oxidation of phenolic compounds, and
then inducing Lactobacillus-mediated polymerization and nanofilm formation on the single Lactobacillus surface that can
enhance the viability and functionality of encapsulating Lactobacillus.** During the process of oxidative polymerization
of phenolic compounds, Lactobacillus playing the role of both templates and catalysts. The mechanism is that the
interfacial manganese ion released by Lactobacillus can further promote the oxidative polymerization of phenolic
compounds and form nanoscale shells on single Lactobacillus surface.*>**

Therefore, manganese ions in Lactobacillus playing an important role in the oxidative polymerization of dopamine.
The released manganese ions from Lactobacillus can participate in a redox reaction cycle to induce dopamine oxidation
and then formation a reactive complex between manganese ions and the dopamine (semi-quinone free radical) as
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Figure 3 Schematic of probiotics-mediated oxidation of polyphenolic compounds bearing catechol groups by probiotic cells. (a) Structures of the phenolic precursors used
in this study. (b) Process overview of probiotics-mediated oxidation of catechol compounds and in situ nanoencapsulation. (c) Possible mechanism of the probiotics-
mediated phenolic oxidation using probiotics. Data from these studies.>”®
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a ligand, thus rapidly forming a polydopamine nanoshells wrapped in single Lactobacillus surface (Figure 3c).*® This
nanocoating method utilizes the combination of dopamine and Lactobacillus, and utilizes manganese ions released by
Lactobacillus to mediate the oxidation of phenolic compounds to form nanoshells to encapsulate a single Lactobacillus
in situ, which can improve the survival rate of Lactobacillus in acidic stomach environment, enhance the adhesion
behavior to intestinal epithelial cells, and endow Lactobacillus with excellent antioxidant properties by the presence of
hydroquinone moieties in the polydopamine nanoshells without further modification.*> More importantly, the formed
polydopamine nanoshells acted as the physical barrier of Lactobacillus can significantly control the nutrient access and
effectively delay Lactobacillus growth. Overall, Lactobacillus-mediated phenolic compounds oxidative polymerization
and formation nanoshells on single-Lactobacillus surface have provided a valuable solution to address the bottleneck in
Lactobacillus delivery and also served as Lacfobacillus-mediated nanoplatform to provide cytoprotection, adherence
ability and other advanced functions to Lactobacillus beneficial for human health. However, harnassing the biointerfaces
of Lactobacillus’ redox enzyme cascade reaction to induce oxidative polymerization of phenolic compounds is only
suitable for Lactobacillus species, such as Lactobacillus helveticus and Lactobacillus plantarum, and not suitable for all
probiotics nanocoating.

Biphasic Interfacial Mediated Nanoshells

Polyphenolic compounds are adopted for nanoshells formation on single-probiotics surface, which can endow their
different functions to adapt for harsh environment changes, but operation processes are very strict, not biocompatible and
lots of time are wasted to obtain nanometer-thick film.***” Thanks to the development of interfacial supramolecular self-
assembly at the heterogencous system, that can quickly, simply and effectively in situ formation a high degree of
uniformity nanoshells on single-probiotics surface with the help of microfluidic technology.*® The mechanism of this

Drug Design, Development and Therapy 2023:17 heeps: 2767

Dove:


https://www.dovepress.com
https://www.dovepress.com

Chen and Zhu Dove

biphasic interfacial reaction system is that each of these two immiscible phases contains one of the self-assembling
components and rapid formed a nanolayer with one-step in the flow microfluidic device.*’

Different from the traditional reports that have all utilized synthetic molecules for biphasic interfacial reactions,
which needs cumbersome synthesis process, and incompatible with living cells.’® Kim and his co-workers used this
biphasic interfacial reaction to form a uniform Fe™-TA metal-organic coordination complex (Fe"™-TA-MOC) nanoshells
via using the cell-compatible and even edible complex Fe™ and tannic acid (TA).*’ Inspired by the catecholato iron (IIT)
complexes found in biological system, this Fe™-TA-MOC nanoshells formation do not require any synthetic challenges,
and the mechanism of Fe™-TA-MOC nanoshells formation process was ascribed to the pyrogallol moiety in TA, which
acted as the bidentate ligand for Fe™ to form bis or tris complexes.”’ More importantly, the interfacial Fe™-TA-MOC
nanoshells formed in this biphasic interfacial system are highly versatile and widely applied to various kinds of
interfaces, including water—oil interface, hydrogel-water interface, and cellular interfaces (Figure 4a). In order to further
illustrate the application of this two-phase interface in the process of nanocapsulation, Kim and his colleagues used the
water—oil interface as the sample to form two-phase supramolecular Fe™-TA-MOC nanoshells by flow focusing micro-
fluidic device (Figure 4b). The obtained Fe"-TA-MOC nanoshells were homogeneous and monodisperse, which is
especially advantageous useful to research the probiotics activity, and the uptake behavior of nutrients by the encapsu-
lated probiotics in a specific confinement and intercellular distance.’® Mimicking like germination process of dormant
spores, the other advantage of Fe™-TA-MOC nanoshells is that the probiotics were temporal cytoprotection by the Fe™-
TA-MOC nanoshells, which can be degraded to the external environment stimuli (ascorbic acid, hydrochloric acid, and
ethylenediaminetetraacetic acid), and the extra Fe"™-TA-MOC nanoshells can be further modified with different biomo-
lecules, giving extra functions to probiotics.>

Although this method can successfully form a nanoshell on the surface of probiotics, which has no obvious effect on the
viability of probiotics viability, they all involved passive modification processes that were manipulated by the external chemical
reaction. In contrast, the natural process of sporulation is a stimulus-responsive and autonomous process.>* Therefore, to develop
a stimulus-responsive, active cell system, in which probiotics respond to the environment changes and formed a hard shell by
theirself, that would be a huge leap in the single-probiotics nanoencapsulation. Inspired by this concept, Kim and his co-workers
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Figure 4 (a) Schematic representation of interfacial supramolecular self-assembly of Fe" and TA at various interfaces. Fe"' ions are preloaded into one phase (Phase A), and
the supramolecular self-assembly is induced at the interface of two immiscible phases by TA in the other phase (Phase B). (b) Schematic representation for formation of Fe"'—

TA-MOC hollow nanoshell. (c) Schematic representation for self-responsive Fe"'-TA-MOC nanoshell formation on baker’s yeast.
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feed S. cerevisiae (baker’s yeast) with Fe™ for 12h, and then Fe™ fed baker’s yeast was immersed into the TA solution (Figure 4c¢).
During the interfacial reaction, Fe™ ions flowed out of the baker’s yeast which was responsible for formation of the Fe™-TA-MOC
nanoshells. These artificial nanoshells can not only protect and preserve cells from external pressure in vitro, but also delay the
growth of cells and choose the right time for cell therapy. Therefore, this efflux Fe™ ions-driven Fe™-TA-MOC nanoshells formed
opened a new window for the biphasic interfacial reaction of probiotics in a heterogeneous system.

The demonstration of these two works has the similarities and differences in the working mechanism and detailed chemical
scheme, they all depend on the formation of biphase interface of the Fe™-TA-MOC nanoshells complex. From the proof-of-
concept, we can speculate that Fe™-TA nanoshells not only acted as the protective film to protect probiotics from external pressure
damage but also as the cargo carrier for drugs delivery. Overall, the interface reaction strategy of forming edible nanoshells on the
surface of single-probiotics is a general strategy for developing durable, functional and oral nanocapsules.

Liposomes Mediated Nanoshells

Liposomes can also be considered as promising materials for encapsulating microbial cells, providing protection for probiotics
during oral delivery, particularly in gastrointestinal transit.”> What is more, liposomes-mediated nanoshells can be designed with
diverse structures by altering liposome size, composition, membrane fluidity, and surface properties.>® Currently, the liposomes-
mediated nanocoating approach can be categorized into two types: natural cell membrane formation and lipid compound-
mediated cell membrane formation. Vesicles derived from natural cell membrane can endow coating material with longer blood
circulation time, avoid being eliminated by the immune system of the body, and reduce the nonspecific absorption of protein
during transportation.’”® Besides, there are many kinds of natural cell membrane, including cancer cells, platelet, neutrophil,
macrophage, and erythrocyte membranes. Due to the CD47 protein present on the surface of erythrocyte membranes (EM) that
can avoid EM coated materials eliminated by body immune system.”® Thus, Cao Zhengping and his colleagues coated
Escherichia coli Nissle 1917 (EcN) with EM (CMCB) via mechanical extrusion through the porous polycarbonate membrane
(Figure 5a), and the obtained CMCB shown the typically core-shell structure and the shell with the thickness for about 100 nm
(Figure 5b).°” In CMCB system, EcN skillfully utilized the low immunogenicity of EM to endow EcN with anti-phagocytosis
ability and low inflammation in transportation. At the same time, the biological activity of EcN did not change significantly,
because the coated EM was finally split and removed by EcN division, the removed coating membranes were visualized by
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Figure 5 (a) Schematic illustration for the preparation of EM-coated-EcN by extruding bacteria with cell membranes. (b) Representative transmission electron microscope images of
uncoated EcN and EM-coated-EcN. (c) A representative image of membrane shedding captured by TEM. (d) Schematic illustration for the removal of coating membranes. Adapted from
Cao ZP, Cheng SS, Wang XY et al. Camouflaging bacteria by wrapping with cell membranes. Nat Commun. 2019. 10 (1): 3452. Creative Commons.*°
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transmission electron microscope (Figure 5c) as well as the schematic illustration for coating membranes removed process is
shown in Figure 5d. Comparing with untreated EcN, the obtained CMCB has higher blood reservation time, reduce inflammatory
response and higher tumor tissues accumulated ability. More importantly, through switching the culture media can tune the coating
membranes removal process from hours to days, which indicated that EcN can realize long-term application and on-demand
release behavior. Besides, EM mediated nanocoating is a versatile modality to fabricate biologically functional EcN to improve
therapy effect and solve the safety problems of some probiotics. Therefore, we can anticipate that probiotics camouflaged with
different cell membranes can meet different disease needs and provide an unparalleled tool for probiotics in biomedical field.
However, the application of cell membrane-mediated nanocoating encountered some problems and challenges before clinical
application, such as the source of the cell membrane, incomplete or uneven coverage of probiotics may cause immune response.
Besides, the membrane-mediated coating process is still at the early stage, and maintaining the integrity of the membrane in the
process of extraction and fusion is an urgent core problem. Generally speaking, cell membrane-mediated nanocoating has great
application prospect, which can meet the needs of probiotics to resist harsh physiological environment and external attacks, and
meet the need of probiotics to play a beneficial role in the specific place at a specific time. However, researchers need repeated
experiments to prove its biological safety before it can be applied in clinic.

Different from cell membrane mediated nanoshells formed on single-probiotics surface, lipid membrane via
a biointerfacial supramolecular self-assembly deposited into the probiotics surface by simply vortexing probiotics with
biocompatible lipids without tedious separation procedures and multiple steps, which can endow wrapped probiotics
a substantial chemical biostability against various extreme environment and friendly for manufacturing scale-up.®'
Moreover, the coating lipid membrane does not affect the growth of probiotics and keep intact before probiotics division,
which can significantly improve probiotics’ bioavailability, colonization and retain their innate bioactivity. Once it
reaches the targeting sites, the lipid membrane formed on the surface of probiotics can be degraded by lipolysis, and
the viability, the adhesion, settlement and proliferation of probiotics are not affected.®” Inspired by the merits of lipid
membrane, Cao Zhengping and his co-workers used Food and Drug Administration (FDA) approved materials choles-
terol and dioleoylphosphatydic acid to coat EcN in calcium phosphate buffer by vortexing less than 15 min (Figure 6a).%
In the process of lipid film formation, calcium ions contained in solution can assist the self-assembly of diacylphosphoric
acid to the surface of the negative surface of EcN, and the existence of cholesterol can further stabilize the self-assembled
lipid membrane to isolate EcN more consistently.®* Thus, the lipid membrane nanoshells can intact and stable protecting
EcN from the attack of gastric acid, alkalis, antibiotics, intestinal juice and oxidative stress conditions before EcN split
and fat decomposed (Figure 6b). Because of the dynamic behavior of self-assembly and disassembly of coated lipid
membrane, it not only provides a simple, universal and efficient way to improve the colonization and bioavailability of
EcN, but also shown a wide range of adaptability to different strains.

Thus, lipid membranes mediated nanoshells approach provided a simple but a highly efficient approach to improve probiotics
viability and bioactivity and exhibit incomparable advantages during probiotics delivery process. Thus, we can anticipate that
utilizing FDA approved materials to generate lipid membranes on the surface of probiotics with simple and convenient approach is
the first step. The core elements of lipid membranes nanoencapsulation are not just limited to protect the bioavailable of probiotics
but should be used to further functionalize the lipid membranes to make it suitable for the needs of different diseases.
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Figure 6 (a) Schematic illustration of the preparation of lipid membrane coated bacteria by biointerfacial supramolecular self-assembly. (b) The presence of coating

membranes endows probiotic bacteria with exceptional resistance to various harsh environmental conditions. Adapted from Cao ZP, Wang XY, Pang Y et al. Biointerfacial

self-assembly generates lipid membrane coated bacteria for enhanced oral delivery and treatment. Nat Commun. 2019. 10 (I): 5783. Creative Commons.®
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Challenge and Prospects
Numerous cell-compatible materials and methods have been explored for surface coating of probiotics to enhance their activity.
However, the fragility and susceptibility of probiotic cell membranes to damage during the encapsulation process remain
a challenge.®® To address these limitations, it is crucial to develop cell-compatible materials, such as polymers, liposomes, and
coacervates. Additionally, combining synthetic materials with natural materials can offer potential solutions to the existing issues.

The advancement of the single-probiotic nanocoating technique has allowed for the encapsulation of individual
probiotics within a confined three-dimensional space. This technique enables studies at the individual probiotic level,
while selectively allowing the passage of small molecules and nutrients, and facilitating probiotics-to-gut communica-
tion. According to different nanocoating mechanisms, the coating process can be divided into two categories: “growth
from the surface of probiotics” and “deposition on the surface of probiotics”. In the “growing from” method, synthetic
polymers were grafted onto the surface of probiotics by the cytocompatible approach, which can successfully form the
probiotics-in-shell structure and keep the viability of probiotics but they needing passive processes that were determined
by the chemical reactions through external manipulation. For the “deposition to” strategy, some prefabricated materials
are deposited on the surface of single probiotics, showing typical core-shell structure characteristics.®®

The great advantage of this probiotics-in-shell engineering is that they can generate exogenous functions that are neither
naturally nor innately achievable, such as controlling the biological activity and metabolism of single living probiotics.®”%®
Therefore, in this review, we only summarized the advantages and disadvantages of some typical natural cell-compatible materials
on the surface modification of living single probiotics, in order to understand and adjust the behavior of probiotics, and improve
their tolerance to unfriendly environments (acidic environment, temperature fluctuation and intestinal peristalsis) to enhance their
therapeutic effects (Table 1). To sum up, the process of nanoshells formation mediated by single probiotic gives probiotics
unparalleled biological function, which goes beyond the traditional probiotics surface engineering without complicated operation
processes. Despite the significant progress that has been achieved with the single probiotics nanocoating approach, the research
progress of probiotics nanocoating is still in its infancy which needs repeatability experimentation before clinical application.

In the future, the progress of single probiotics nanocoating should focus on selecting appropriate biomimetic materials to form
multifunctional bioactive nanoshells according to the special characteristics of disease, so as to change the surrounding
environment and act as the supplement of drugs to enhance the disease therapeutic effects, rather than just avoiding probiotics
attacked by the complex and harsh physiological environment or just making probiotics more suitable for colonization. Or the
composition of the intestinal flora of patients should be tested before disease treatment, then artificially supplementing the major
intestinal lost probiotics as well as utilizing the required therapeutic substances needed for the disease to encapsulate these

Table | The Advantages and Disadvantages of Different Nanoshell to Protect Probiotics

Methods Materials Advantages Disadvantages
Layer-by-layer Natural polyelectrolytes I. Improve the gastric resistance; I. Reaction process manipulated by the external
assembly 2. Enhance bonding property; environment;
3. Controlling probiotics proliferation. 2. Requiring multistep post-functionalization
processes.
Oxidative Polyphenolic compounds I. Resist stomach acid; I. Alkaline condition;
polymerization 2. Promote intestinal adhesion; 2. Suitable for Lactobacillus species;

3. Controlling nutrient access and probio- | 3. Passive modification processes.

tics growth.
Biphasic interfacial | Tannic acid and catecholato | |. Controlling probiotics activities; |. Easy to decompose at low pH;
iron (Il) 2. Improve the gastric resistance or adhe- | 2. Prior incubation with metal ions;
sive properties 3. Highly equipment requirements.
Lipid membranes Cell membranes and lipids I. Highly viability and activity; I. Only improves bioavailability;
compound 2. Targeting delivery; 2. Synthesis process specificity.

3. Lower inflammatory response.
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probiotics that can effectively achieve the cascade effect of disease. More important, the nanoshells that coat the probiotics can be
further modified with some functional molecule that promote the colonization of the probiotics at the desirable sites in the gut and
achieve drugs targeting delivery and release. Thus, the technologies and methods of surface protection and modification of
probiotics still have a lot of room for improvement, which requires a lot of resources and persistence. Furthermore, researchers
need to address fundamental issues regarding the interactions between coating materials and probiotic surfaces. This will facilitate
the use of more Food and Drug Administration (FDA) approved materials for protecting probiotics, without compromising their
bioactivity. Additionally, it will aid in the scale-up of manufacturing processes and subsequent clinical translation of probiotic-
based products.

Conclusion

Although probiotic embedding technology has been developed for several decades, there is still ample room for exploring
suitable encapsulating materials and methods. In this study, we have reviewed and summarized some simple yet valuable
and versatile approaches for integrating environmentally friendly materials with probiotics. These approaches aim to
establish a protective barrier on the surface of individual probiotics, isolating them from harsh external conditions when
delivered into the gastrointestinal tract. Additionally, the biostructure of the probiotics-in-shell can significantly enhance
the functionality of the encapsulated probiotics at the individual level, while also providing novel or even abiotic
functions. This enables the probiotics to exhibit flexible biochemical properties, adapting to changes in both in vivo and
in vitro environments. The insights gained from this research can provide valuable experiences for the development of
next-generation cellular biological systems in the field of probiotic surface engineering and other related biological
disciplines. However, when designing novel and multifunctional single probiotic nanoshells, it is important to consider
the types of probiotics, the interaction between the coating process, and the choice of encapsulating materials.
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